The sharp increase in raw-water turbidity following heavy rain presents considerable treatment problems due to low sedimentation rates. The objective of this study was to evaluate the removal of negatively charged suspended solids (SS) in surface water treatment using magnetic particles (nFeO;
INTRODUCTION
The water quality of major drinking water sources varies both temporally and spatially. High-turbidity water, containing up to several per cent suspended solids (SS), presents considerable treatment problems due to low sedimentation rates (Guibai & Gregory ) . Since 2006, a water treatment plant (WTP ) in the Tone River basin in Japan has been experiencing difficulty in removing sub-micron SS after heavy rains as the turbidity level is greater than 48 NTU (the 95th percentile, n ¼ 56). The WTP applied as much as 70 mg/L polyaluminium chloride (PACl) to achieve more than 98% turbidity removal, but this approach created problems of sludge management and pH decline. Nanomaterial-based processes are emerging as promising alternatives to improve the efficiency of solid-liquid separation. Magnetism is a unique physical property that independently assists in water purification by influencing the physical properties of contaminants in the water. The concept behind magnetic seeding is that while SS are non-magnetic, stirring a highturbidity water/magnetic particle mixture produces magnetic flocs consisting of non-magnetic and seeded particles. The magnetic flocs can subsequently be removed from the water via a combination of gravitational and magnetic sedimentation by applying a magnetic field (Relle & Grant ) .
For example, FeO · Fe 2 O 3 nanoparticles have been applied to remove SiO 2 particles from backside grinding wastewater (Wan et al. ) . Magnetic seed particles can be recycled and reused in the process several times (Chin et al. ; Lo et al. ) . However, studies that have applied magnetic seed particles in water treatment to remove SS that were as small in size as the seed particles are scarce.
This study therefore evaluated the removal of permanently negatively charged SS in surface water treatment using magnetic particles (nFeO). The nFeO was synthesised in the laboratory and used in jar test experiments with suspensions of SS re-dispersed in tap water and river water containing dissolved organic matter (DOM). The nFeO and SS were characterised based on X-ray diffractometry (XRD). The removal of SS, DOM and disinfection by-products by nFeO was compared with that of PACl and of a combined nFeO-PACl system. Magnetic flocs were observed using dynamic light scattering (DLS) measurement and scanning electron microscopy (SEM).
MATERIALS AND METHODS

Magnetic particle (nFeO) synthesis and suspended solid (SS) harvesting
The nFeO was synthesised by combining FeCl 3 · 6H 2 O and FeCl 2 · 4H 2 O (Kishida Chemical Ltd, Osaka, Japan) at a molar ratio of 3:2 (Fe 3þ :Fe 2þ ), followed by titration with NaOH (aq) , stirred at 300 rpm under an N 2 atmosphere (Wan et al. ) . The mixture was black. The nFeO was washed with Milli-Q water (MQ) several times, while purged with N 2 gas, until a neutral pH was attained. The slurry was kept under an N 2 atmosphere to avoid oxidation.
The concentration of nFeO was determined based on the total SS method. The SS were harvested from the Ara River in Japan after a typhoon in the summer of 2006, airdried, and stored in a desiccator until use.
Preparation of turbid water
Suspension in tap water
The SS were mixed with tap water that was prefiltered with a 0.45-μm polytetrafluoroethylene (PTFE) filter (Millipore Corp., MA, USA), hereafter referred to as 'tap water', at 200 rpm for 1 h. The primary characteristics of the tap water are given in Table 1 . The suspension was allowed to settle for 20 min to remove non-suspended particles, and the supernatant was transferred to a tank that was continuously stirred at 200 rpm until the flocculation experiments.
The suspended mass of 72-90 mg/L resulted in a turbidity of 27.6-31.6 NTU.
Suspension in river water
Natural surface water was collected from the Ara River, a drinking water source for Tokyo, Japan, after heavy rain (74.3 mm/day) and prefiltered with the 0.45-μm PTFE filter. This filtered water is hereafter referred to as 'river water'. To examine the influence of DOM on turbidity removal, the SS were mixed with the river water following the preparation of the tap water suspension. The suspended mass of 442-458 mg/L generated a turbidity of 41-56 NTU, which is representative of the usual turbidity of natural surface water after heavy rainfall. The primary characteristics of the river water are shown in Table 1 .
Flocculation experiments
The flocculation experiments were performed using a jar test apparatus (Jar Tester WT, Sugiyama-Gen Iriki Co., Ltd, Japan) by mixing 300 mL turbid water with an aliquot of nFeO or PACl ([Al 2 (OH) 5 Cl] m , m 10; Nippon Light Metal Co., Ltd) at 200 rpm for 1 min, then at 30 rpm for 15 min, and ultimately settling for 30 min in 500-mL glass beakers. We employed 2-40 mg/L nFeO, 20-60 mg/L PACl or 2-40 mg/L nFeO followed immediately by 5-20 mg/L PACl. Alkalinity was added as required during coagulation with PACl. A small sample was taken immediately after 1 min of rapid mixing to measure the electrokinetic (ζ) potential. After the slow mixing step, a magnetic field of 200 gauss was applied for 30 min to remove the magnetic flocs by placing a permanent magnet below the glass beaker, following Chin et al.
(). The turbidity of the supernatants was measured using a turbidimeter (HACH 2100N Turbidimeter, USA). Controls, without adding nFeO or PACl, were included so as to consider self-settling of SS in turbidity removal determination.
Analytical methods
A Photal ELS-8000 apparatus (Otsuka Electronics, Japan) equipped with an ELS cell was used to measure the ( Figure 2(b) ). The size of the nFeO in this study was apparently smaller than the sizes reported by Chin et al. () and Wan et al. () . A shift of PSD occurred when the nFeO was dispersed in the tap water (Figure 2(b) ), indicating that salts affected the size of the nFeO dispersed in water.
RESULTS AND DISCUSSION
The SS had a submicron size, ranging from 0.06 to 0.50 μm, with a volumetric mean diameter of 0.212 μm, which was smaller than the typical size of an individual clay particle dispersed in water. By adding the nFeO to the turbid water, the nFeO aggregated and formed flocs of several microns in size (Figure 2(b) ).
In the present study, the point of zero charge (pH pzc ) of the nFeO was 5.0-6.0 (Figure 3 obeyed an exponential decay (Table S1 , supplementary data, available online at http://www.iwaponline.com/ws/014/015. pdf). The flocs composed of SS enmeshed into voluminous hydroxide precipitate settled more rapidly than those composed of SS and seeded nFeO (Figure 3(b) ). The result suggests that the removal of SS by nFeO particles of similar size was achieved by gravitational sedimentation, but was less efficient than the coagulant-aided system.
Flocculation of the SS and removal of DOC and total THMFP (TTHMFP)
Jar test experiments were performed to evaluate turbidity removal at different nFeO dosages and different initial values of solution pH (adjusted with either 1 N HCl or 1 N NaOH). In tap water (initial pH ¼ 7.7), the nFeO suspension had a ζ-potential of À10.7 mV, whereas the SS had a ζ-potential of À15.3 mV (Figure 3(a) ). However, turbidity removal increased from 42 to 89% as the nFeO dosage increased from 2 to 40 mg/L (Figure 4(a) ). This might be DOM in river water significantly decreased turbidity removal by nFeO: e.g., at a 20 mg/L dose of nFeO, turbidity removal was 80% for the SS-tap water, while removal was only 23% for the SS-river water (Figure 5(a) ). This result suggests that DOM may increase the dispersion stability of SS and/or nFeO in water. The removal of turbidity by nFeO declined with doses increasing from 12 to 40 mg/L, but the removal of DOC and TTHMFP gradually increased indicates that nFeO and PACl could be complementary, removing different components of DOM in river water.
Fluorescence spectroscopy is a useful tool for identifying DOM transformations in water treatment processes because the wavelengths at which excitation and emission occur are specific to the molecules. The 3D F-EEM image (Figure 6(a) ) showed that the river water was abundant with fulvic- Figure 5(d) respectively. The floc sizes that formed at pH 4.0 were apparently larger than those that formed at pH 5.0, which may be attributable to the fact that the highest turbidity removal occurred at pH 4.0 (Figure 4(b) ).
Based on DLS and SEM analyses, seeding of nFeO produced micron-sized magnetic flocs that can be collected by applying a magnetic field. The addition of nFeO generated less chemical sludge as compared to coagulation with PACl that apparently produced bulky flocs. Therefore, combining nFeO with PACl is superior to coagulation with PACl alone with inherent advantages of lower coagulant dose and less sludge production.
CONCLUSIONS
The following conclusions can be drawn from this study: 
